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ABSTRACT

Radiative flux changes induced by the occurrence of different cloud types are investigated using International
Satellite Cloud Climatology Project cloud data and a refined radiative transfer model from National Aeronautics
and Space Administration/Goddard Institute for Space Studies general circulation model. Cloud types are defined
by their top height and optical thickness. Cloud-type variations are shown to be as important as cloud cover in
modifying the radiation field of the earth–atmosphere system. Other variables, such as the solar insolation and
atmospheric and surface properties, also play significant roles in determining regional cloud radiative effects.
The largest ‘‘annual’’ mean (approximated by averaging the results of four particular days, one from each season)
changes of the global top-of-atmosphere and surface shortwave radiative fluxes are produced by stratocumulus,
altostratus, and cirrostratus clouds (i.e., clouds with moderate optical thicknesses). Cirrus, cirrostratus, and deep
convective clouds (i.e., the highest-level clouds) cause most of the annual mean changes in the global top-of-
atmosphere longwave radiative fluxes; whereas the largest annual mean changes of the global surface longwave
radiative fluxes are caused by stratocumulus, cumulus, and altostratus.

1. Introduction

Clouds affect the earth’s climate by modulating the
vertical and horizontal distributions of solar radiative
heating, latent heating, and cooling by thermal radiation
that drive the atmospheric circulation. Moreover, clouds
alter moisture transports by forming precipitation that
returns the evaporated water to the surface. The radiative
effects of clouds have been studied for a long time, with
observations or numerical models of the atmosphere;
but most of these earlier studies have focused on the
relationship between the earth radiation budget or sur-
face radiation budget and total cloud cover (see refer-
ences in Fung et al. 1984; Hartmann et al. 1986; Rossow
and Lacis 1990), neglecting the effect of variations of
other cloud properties (i.e., cloud types) due to the lack
of global quantitative information on the properties of
different cloud types (Hartmann and Doelling 1991).
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Undoubtedly, this focus on the total cloud cover is an
oversimplification because cloud-type variations (e.g.,
variations in cloud-top height and water content) may
well affect both shortwave and longwave radiative flux-
es as much as changes in total cloud cover and because
the distribution and frequency of occurrence of different
cloud types could change during climate variations pro-
viding another climate feedback. Considering the prob-
lem in terms of cloud types may also be necessary to
establish an accurate quantitative connection between
different kinds of atmospheric motions and cloud ra-
diative properties in order to make reliable climate
change predictions. For example, recent studies have
shown that the ‘‘anvil’’ clouds in tropical mesoscale
convective complexes produce large vertical heating
rate gradients that enhance convective instability, alter
upward energy and water transports in the Tropics, and
may help sustain these larger systems over more than
one diurnal cycle (e.g., Ackerman et al. 1988; Machado
and Rossow 1993). Similar relations may intricately link
together atmospheric motions, precipitation, and cloud–
radiation interactions, which makes the study of clouds
so challenging. A detailed and global investigation of
the radiative effects of cloud-type variations is now pos-
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FIG. 1. Definitions of the nine different cloud types used in terms
of cloud-top pressure and visible optical thickness. The numbers in
the parentheses are the global mean cloud-type amounts from 5 yr
(1989–93) of ISCCP D-series data.

sible using the cloud datasets produced by the Inter-
national Satellite Cloud Climatology Project (ISCCP;
Schiffer and Rossow 1983; Rossow and Schiffer 1991).

Hartmann and colleagues (Ockert-Bell and Hartmann
1992; Hartmann et al. 1992) carried out the most ex-
tensive investigation to date by combining monthly
mean, top-of-atmosphere (TOA) radiative fluxes ob-
tained from the Earth Radiation Budget Experiment with
monthly mean cloud properties determined by ISCCP.
They calculated multivariable, linear regressions of the
monthly mean values to determine which cloud types
explained changes in the radiative fluxes. The present
study looks at these relations in a more direct way by
calculating the radiative fluxes directly from the ISCCP
cloud data, combined with other atmospheric and sur-
face datasets, using a refined version of the radiative
transfer model from the National Aeronautics and Space
Administration/Goddard Institute for Space Studies
(GISS) general circulation model (GCM; Rossow and
Lacis 1990; Zhang et al. 1995). The advantage of our
approach is that it better separates the effects of the
clouds on the radiation field from other atmospheric and
surface factors so that more direct estimations of the
radiative effects of individual cloud types can be made.
Most importantly, our method also allows us to extend
this type of study to include the complete effects of
cloud-type variations on the partitioning of the TOA
(5100 km) radiation budget into its surface and in-
atmosphere components in a self-consistent manner
(Rossow and Lacis 1990; Rossow and Zhang 1995).

This particular approach to the diagnosis of cloud-
induced radiative effects, based on the earlier technique
of calculating fluxes from observed physical quantities,
was first outlined in Rossow and Lacis (1990) and has
been successfully applied in a series of studies to es-
timate directly the cloud effects on the various com-
ponents of earth radiation budget and the meridional
energy transports by the atmospheric and oceanic gen-
eral circulations (Zhang et al. 1995; Rossow and Zhang
1995; Zhang and Rossow 1997). The present paper is
part of a continuing study of this important subject and
focuses on a simple version of the problem of the ra-
diative effects of cloud-type variations. Several effects
are not treated in this study (see section 5), particularly
the effects of layer overlap or more complex vertical
structure. Here we consider each cloud type to be a
single-layered cloud, and in a companion paper the un-
certainties in the calculated fluxes due to this simplifi-
cation are assessed. The results of that study show that
the TOA and surface flux uncertainties caused by the
oversimplified single-layered cloud treatment are small
in the longwave and are negligible in the shortwave
compared with other sources of uncertainty (Chen et al.
1999, manuscript submitted to J. Climate; Zhang et al.
1995). However, the cloud vertical structure is important
to the vertical distribution of radiative heating within
the atmosphere.

Section 2 gives a short description of the ISCCP da-

tasets and the definitions of the cloud types used in this
study. Section 3 briefly describes the radiative transfer
model, as well as the input and output quantities. Section
4 compares the radiative effects of individual cloud
types in terms of the cloud-induced radiative flux chang-
es from clear conditions (cf. Rossow and Zhang 1995).
Section 5 summarizes the main findings and discusses
the implications of our results.

2. Datasets and cloud-type definitions

ISCCP collects measurements of infrared (ø11 mm)
and visible (ø0.6 mm) radiances from the imaging ra-
diometers on the operational weather satellites and an-
alyzes them, together with correlative datasets describ-
ing the surface and atmosphere, to produce a climatol-
ogy of cloud properties, including cloud cover fraction,
cloud-top pressure/temperature, and cloud optical thick-
ness/water path (Schiffer and Rossow 1985; Rossow and
Schiffer 1991). ISCCP D1 data (revised version of the
C1 product; Rossow et al. 1996) merges the retrieved
quantities from different satellites into a global, 3-hourly
product by summarizing the cloud variations at 280-km
resolution (equivalent to 2.58 3 2.58 lat–long at the
equator). In addition to the area-averaged cloud param-
eters within each map grid box, the distribution of cloud
parameters is also reported in terms of 15 cloud types,
defined by three intervals of cloud-top pressure (high
cloud, Pc # 440 mb; middle cloud, 440 mb , Pc #
680 mb; and low cloud, Pc . 680 mb), three optical
thickness categories (t # 3.6; 3.6 , t # 23; and t .
23), and the phases of the cloud particles (ice if top
temperature ,260 K, otherwise liquid). Only mid- and
low-level clouds are separated into liquid and ice clouds;
all high-level clouds are considered to be ice clouds.
Figure 1 illustrates the cloud-type definitions and gives
their average global annual mean amounts (for 1989–
93). The names used for convenience are meant to sug-
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FIG. 2. Zonal mean distributions of cloud amounts averaged over four days (solid line) and averaged over the four corresponding months
(dashed line) for the nine different cloud types defined in Fig. 1, for average high, middle, and low clouds, for average optically thin,
moderate, and thick clouds, and for the overall average clouds. The first (second) number in the parentheses is the global mean cloud amount
value averaged over four days (months).

gest qualitative relationships with the classic morpho-
logical cloud types, but they should not be interpreted
to be quantitatively correct in every instance (cf. Lau
and Crane 1995).

Since cloud optical thicknesses are determined from
visible radiance measurements, which are only available
during daytime, and the cloud-top temperature is more
accurately determined as a function of optical thickness
(Rossow et al. 1996), nighttime cloud-type information
is refined by interpolating between daytime cloud ob-
servations to complete the diurnal cycle. The interpo-
lation procedure involves two steps. 1) The nighttime
values of cloud optical thickness and top temperature
of individual cloud types are set to be the corresponding
values of the ‘‘nearest’’ daytime cloud observations
(e.g., 2100 is nearer in time to 1800 earlier the same
day, but 0300 is nearer to 0600 later the same day). 2)
The cloud fractions of individual cloud types during
nighttime are adjusted proportionately according to the
corresponding daytime proportions of total cloud frac-
tion and the current nighttime total cloud fraction (if no
measurement of current nighttime total cloud fraction
available, the cloud fraction of each nighttime cloud

type is simply set to the corresponding value of the
nearest daytime observation). Occasionally, missing
daytime observations are filled by replicating the values
nearest in time. In the polar regions in some months,
there are no daytime cloud observations all month, so
we report no results.

The computational resources accessible for this study
precluded calculations covering extensive periods of
time. As this study is only intended to estimate the
relative magnitude of the cloud-type effects, not to de-
termine precise climatological values, we choose to per-
form calculations on only four days of data. However,
since the magnitude of the cloud–radiative effects also
depends on the properties of the surface and atmosphere,
particularly their seasonal variations as well as the sea-
sonal variation of solar insolation, we choose four spe-
cific days from the D1 dataset to provide a representative
sample of the large-scale variations of cloud properties,
surface and atmospheric temperatures, humidity, and so-
lar zenith angles (one from each season): 15 January,
15 April, 15 July, and 15 October 1991. Figure 2 shows
that the zonal mean distributions of all the cloud-type
amounts (where we have combined the liquid and ice
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forms) averaged over these four days are very similar
to the zonal mean distributions averaged over the four
whole months. Since the average top pressures and op-
tical thicknesses for each type are constrained by their
definitions, they are almost identical for daily and
monthly zonal mean values (except for the optical thick-
nesses of the thickest cloud types, but their radiative
effects are already saturated and any small changes in
the optical thickness values are less significant radia-
tively). Comparing individual days and months, the rms
differences in zonal mean cloud-type amounts are
,0.02, in zonal mean cloud-type optical thickness are
within 15% of the corresponding values, in zonal mean
cloud-type top temperature are ,1 K for mid- and low-
level clouds and ,4 K for high clouds. The comparison
implies that the 4-day averaged values of cloud-type
amounts and radiative properties are not qualitatively
different from the corresponding 4-month averaged val-
ues, so the radiative fluxes computed from the two da-
tasets will be similar to each other. We show in the
appendix that using preaveraged input quantities would
introduce significant biases (cf. Zhang et al. 1995; Ros-
sow and Zhang 1995).

3. Radiative model description

This study uses the same radiative transfer model as
described by Zhang et al. (1995) with similar input and
output quantities, except as described below.

To simplify the radiative calculations somewhat, we
treat all clouds as liquid water clouds by averaging Tc,
and t of the ice/liquid clouds (‘‘radiatively weighted’’)
according to cloud amounts, reducing the maximum
number of cloud types to nine. Hartmann et al. (1992)
have shown that the variations in TOA radiative fluxes
can be accounted for by the changes of five distinct
cloud types; however, as we will show that different
cloud types are more important to the surface and in-
atmosphere fluxes, we retain all nine types. Since the
ISCCP D1 data has retrieved the properties of the colder
clouds using an ice microphysical model, this treatment
will bias our results somewhat. Mishchenko et al. (1996)
show that an ice cloud with the same optical thickness
has a ;10% (relative) larger albedo than a liquid water
cloud; but these biases are reduced when larger, elon-
gated particles are considered. Nevertheless, our treat-
ment will underestimate cloud albedos and overestimate
cloud shortwave transmission for higher-level clouds
and at higher latitudes relative to lower-level clouds and
lower latitudes. Since we are also underestimating the
average particle size for such clouds, the shortwave ab-
sorption is also underestimated by less than 1 W m22

on average. The retrieved cloud-top location for opti-
cally thin ice clouds is more accurate in the ISCCP D1
data (cf. Minnis et al. 1993; Stubenrauch et al. 1998a);
hence the error in longwave fluxes associated with
cloud-top location from ISCCP C1 data is smaller by
about 1–2 W m22. We have repeated the calculations

for one day using a revised radiative transfer model that
includes a test version of an ice cloud model; there is
no qualitative change in the results reported below (the
zonal mean changes in all flux components are smaller
than 1 W m22).

The main change to the input parameters is to insert
cloud properties for each separate cloud type present in
each map grid box; the total fluxes are then the sum of
these values weighted by the fractional cover of each
cloud type. Zhang et al. (1995) used the area-averaged
cloud properties to define a single cloud layer covering
a portion of the map grid box. Thus, they calculate up
to two columns, one clear and one containing the cloud,
for each grid box. In our case, we calculate up to 10
columns, one for each cloud type and one clear. Each
cloud type is assumed to be a single-layer cloud with
a layer thickness given by the same climatology used
by Zhang et al. (1995). Co-occurring cloud types do not
overlap. These assumptions on the cloud vertical struc-
ture may cause the underestimation of the cloud effects
on the surface longwave fluxes due to the overestimation
on the cloud base heights, but the effect would be no-
table (but still small; see Chen et al. 1999, manuscript
submitted to J. Climate) only for cloud types that have
systematically larger layer thicknesses than assumed
here, such as the deep convective clouds, or for cloud
types that frequently occur with another lower-level
cloud (cf. Warren et al. 1985).

The specific D1 parameters used for the flux calcu-
lation are 1) single-layer cloud parameters specified by
the area-averaged cloud fractional cover (Cf ), optical
thickness (t), and cloud-top temperature (Tc), as well
as these same parameters for each of the nine cloud
types from the visible/infrared analysis; 2) surface tem-
perature (Ts) and visible reflectance (Rs) from the ISCCP
clear sky composites; and 3) column ozone abundance
(O3), atmospheric temperature profile (Ta) (up to the
15-mb level), and precipitable water profile (up to 300
mb) originally from the Television Infrared Observa-
tional Satellite Operational Vertical Sounder System
(Kidwell 1995) but appended in the ISCCP D1 product.
Additional datasets used to specify parameters in the
radiative transfer model, but not supplied by the ISCCP
datasets, are 1) a climatology of cloud layer thickness
as a function of cloud-top height, latitude, and season
based on rawinsonde and surface observations (Poore
et al. 1995; Wang and Rossow 1995); 2) a climatology
of aerosol optical thicknesses and compositions adapted
from Charlson et al. (1991) for the anthropogenic com-
ponent and from Toon and Pollack (1976) for the natural
background components; 3) latitude and month-depen-
dent ozone profiles from London et al. (1976); 4) global
vegetation distribution data and spectral ratios between
visible and near-IR albedos for eight vegetation–land
surface types and snow/ice as used in the GISS climate
GCM (based on Matthews 1983, 1984); 5) a climatology
of upper-stratospheric temperatures (15 mb above) from
Stratospheric Aerosol and Gas Experiment II (SAGE II;
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Liao et al. 1995); and 6) humidity values between 300
and 200 mb from Oort (1983), above the 200-mb level
from SAGE II (Liao et al. 1995). Zhang et al. (1995)
have conducted a set of sensitivity studies to assess the
uncertainties in calculated fluxes caused by the esti-
mated uncertainties in the measurement or specification
of the input quantities. The results of their sensitivity
studies suggest that the flux uncertainties caused by in-
put data uncertainties would not change the relative
magnitude of cloud-type radiative effects, which is the
primary purpose of this study.

Comparisons of the earlier version of the ISCCP da-
taset showed a significant underestimate of cirrus
clouds, mostly because they are too optically thin to be
detected by ISCCP (Liao et al. 1995; Jin et al. 1996;
Stubenrauch et al. 1998a). Although there are other er-
rors, this one is the largest in terms of its effect on cloud
cover, so we repeat some calculations to test the im-
portance of the missing cirrus. The test calculations are
done by doubling the amount of detected cirrus, when-
ever present in one map grid box, up to the limit of
complete overcast in that grid box. These clouds are
added to the detected cirrus assuming that they have the
same cloud-top location and a visible optical thickness
of 0.2 (approximately the detection limit of ISCCP). As
might be expected, the largest change is in the TOA
upward longwave fluxes: adding the missing cirrus re-
duces this flux by ,1 W m22. All other fluxes change
by ,0.3 W m22.

The output dataset contains all of the radiative flux
components. Net fluxes are derived from the corre-
sponding upward and downward flux components: net
shortwave fluxes at TOA, at the surface and in the at-
mosphere (NSt, NSs, NSa); net longwave fluxes at TOA,
at the surface and in the atmosphere (NLt, NLs, NLa);
and net radiative fluxes (shortwave plus longwave) at
TOA, at the surface and in the atmosphere (Nt, Ns, Na).
The in-atmosphere fluxes are determined as differences
between the TOA and surface fluxes. All fluxes are cal-
culated for full sky (actual cloud cover), for overcast
sky for the mean cloud and the nine individual types
(for mean cloud and nine types), and for clear sky. The
sign convention of the net fluxes is such that positive
values mean heating and negative values mean cooling.

4. Radiative effects of different cloud types

The cloud effect on individual radiative flux com-
ponents will be described by the difference between the
flux calculated with and without clouds present, with
all other (surface and atmospheric) quantities held fixed
for each individual map grid box and time. When this
procedure is applied to a net flux or flux divergence, it
can properly be thought of as a ‘‘forcing,’’ but not when
it is applied to a single flux component (Rossow and
Zhang 1995). To avoid confusion, we will refer to this
quantity as the cloud-induced radiative flux change
(hereafter CFC).

The qualitative dependence of the radiative fluxes on
cloud characteristics can be inferred from previous stud-
ies of the effects of total cloudiness (see Hartmann et
al. 1992; Rossow and Zhang 1995 and references there-
in). For example, high-level clouds are most effective
in altering TOA upward longwave fluxes (commonly
called outgoing longwave radiation) because they are
relatively colder than the surface and lower atmosphere,
whereas low-level clouds have little effect because they
have a similar temperature. However, for the same rea-
sons, the reverse is true for surface downward longwave
fluxes. Optically thin clouds like cirrus or cumulus have
only a small effect on either TOA upward or surface
downward shortwave fluxes, while optically thick
clouds like nimbostratus have a larger effect. However,
the actual radiative importance of each cloud type is
also controlled by their relative abundance (the product
of their typical areal coverage and their frequency of
occurrence, here called cloud amount). To separate the
radiative effects caused by the variations in radiative
properties of each cloud type from that caused by the
variations in their abundance, we first consider the CFC
produced when the cloud cover for each cloud type is
assumed to be complete (overcast sky). Furthermore, by
holding the radiative properties fixed and factoring out
the effects caused by the relative abundance for each
cloud type, the geographical and seasonal variations in
the overcast sky calculations also demonstrate the equal-
ly important roles played by surface and atmospheric
properties in determining the cloud effects on various
radiative flux components. These overcast sky values of
CFC for a given cloud type can be considered as the
cloud-induced change in the radiative flux per unit area
(where our fractions are for areas of ø78 000 km2),
similar to the sensitivity coefficient of Hartmann et al.
(1992). To illustrate some of the regional variability
caused both by regional variations of the cloud prop-
erties and regional differences in the surface and at-
mospheric properties (cf. Zhang et al. 1995; Rossow
and Zhang 1995), we examine zonal mean values of
CFC (a more detailed examination of the land–ocean
contrast of CFC values for different cloud types should
be considered later). Then we calculate the CFC values
when the cloud cover is the observed amount for that
cloud type (full sky) to determine which cloud types
have the most important effects on the radiation budget.

As mentioned before, the calculation of statistically
accurate, climatological CFC values for each cloud type
was not possible because the whole procedure is very
time consuming. Rather, the purpose of this study is to
obtain representative estimates of the cloud-type CFC
values. Therefore, we perform calculation on one day
of data from each of the four seasons to get a repre-
sentative mix of situations and, to save space, show only
the 4-day average results, approximating the annual
mean (except that the results in the polar regions do not
have a contribution from the winter season when the
complete cloud-type information is not available in the
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absence of sunlight). These ‘‘annual’’ mean CFC values
are relevant to the possible cloud–radiative feedbacks
on long-term climate change. In the last part of this
section, we discuss the seasonal variations of the full
sky CFC values to consider feedbacks on the seasonal
cycle and the hemispheric differences that arise.

a. Annual mean overcast sky CFCs

1) AT TOA AND AT THE SURFACE

Figure 3 shows the annual, zonal mean overcast sky
CFC values for the net TOA shortwave (CFC-NSt) and
longwave (CFC-NLt) for the nine different cloud types.
Also shown are the average CFC values for high, mid-
dle, and low clouds; the average for optically thin, me-
dium and thick clouds; and the average over all cloud
types. Figure 4 shows the same at the surface (CFC-
NSs, CFC-NLs). The global mean values from these
figures are summarized in Table 1. Note that in all the
CFC plots (from Figs. 3 to 10), polar regions are shown
using dashed lines, since in the flux calculations, polar
regions are excluded during winter seasons when the
cloud type information is unavailable. Thus, to make
these 4-day averaged CFC plots extend to the Poles, we
set the CFCs to be zero whenever they are not available.
But for the global mean values, the polar regions are
simply left out during winter seasons. Although the win-
ter seasons are excluded near the Poles, the global mean
CFC values are only slightly biased considering the
small-areal coverage of polar regions. In the absence of
sunlight and with the frequent occurrence of near-sur-
face temperature inversions, the wintertime shortwave
CFC values are zero and the longwave CFC values are
110–20 W m22 (cf. Curry et al. 1996) implying that
the shortwave CFCs are exact, whereas the longwave
CFCs are underestimated by a few watts per square
meter near the Poles in the plots. The contribution of
the winter season to the annual mean is small.

The shortwave CFC values (negative values indicate
a net cooling effect) are very similar in magnitude at
TOA and at the surface with little variation with lati-
tude.1 The optically thinnest clouds (t # 3.6) produce
shortwave CFC ø 225 W m22 at both TOA and at the
surface, while the thicker clouds (t . 3.6) produce
values ø2100 W m22 at both TOA and at the surface.
The average shortwave CFC is about the same for clouds
at all levels, though there is a progressive increase with
height because the mean optical thickness increases with
height; a more accurate treatment of the high-level ice
clouds would enhance this increase slightly. The small
latitudinal variations for each cloud type indicate some
variation of the mean properties of the cloud types, but

1 The discussion of the latitudinal variations of CFCs in the text
only applies to the latitudinal bands where cloud-type observations
are available year-round; namely, 57.58S–57.58N.

the hemispheric asymmetry is caused by the lower sur-
face albedo in the predominantly ocean-covered South-
ern Hemisphere relative to the predominantly land-cov-
ered Northern Hemisphere. The near independence of
the overcast CFC-NSt and CFC-NSs with latitude, even
though the annual mean solar insolation peaks at the
equator, is caused by the increase of cloud albedo with
decreasing solar zenith angle (Rossow and Zhang 1995);
however, this effect is probably weaker when the scat-
tering by ice clouds is correctly treated. Overall, the
largest-magnitude shortwave CFC is produced by the
cloud types with the largest mean cloud optical thick-
nesses; namely, stratus, nimbostratus, and deep con-
vective (Table 1). There is a systematic increase of the
mean optical thickness with cloud-top height among
these three cloud types.

The longwave CFC values (positive values indicate
a net heating effect) at TOA are largest for high-level
clouds near the equator (.70 W m22) where the cloud
tops are highest and their temperature contrast with the
surface is largest, while the CFC of low-level clouds is
,10 W m22. On the other hand, longwave CFC values
at the surface are largest (almost 50 W m22) for low-
level clouds at higher latitudes where the longwave
opacity of water vapor is smaller. Near the equator
where the water vapor opacity is largest, the low-level
longwave CFC falls below 20 W m22. Overall the con-
trast between the high-level and low-level longwave
CFC values is smaller at the surface than at TOA. Since
longwave emission and transmission effects of clouds
‘‘saturate’’ at relatively low (visible) optical thicknesses,
the longwave CFC is noticeably different only for the
optically thinnest cloud types. The general latitude de-
pendence is related to decreasing temperatures and hu-
midity with latitude; the hemispheric asymmetry arises
from the fact that the annual mean temperature and hu-
midity are smaller in the Southern than in the Northern
Hemisphere. Overall, the largest longwave CFC at TOA
is produced by cirrostratus and deep convective clouds;
the largest longwave CFC at the surface is produced by
stratocumulus and stratus (Table 1).

Figure 5 shows the annual, zonal mean CFC values
for the total net flux (shortwave plus longwave). Al-
though the shortwave CFC values can be said to be
generally larger in magnitude than the longwave CFC
values, so that the total net CFC is generally negative,
this figure reveals significant differences of the total net
CFC between TOA and the surface as a function of
latitude that vary systematically among the different
cloud types. The values of CFC-Nt for low- and midlevel
clouds generally follow those of their CFC-NSt values
because they are much larger than the corresponding
values of CFC-NLt.

At TOA, the total net CFC is negative at almost all
latitudes (Fig. 5); however, the total CFC can be positive
near the Poles (adding the wintertime contribution in-
creases the total CFC). The cirrus total net CFC (not
shown) is positive (about 10 W m22 heating in the Trop-
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FIG. 3. (a) Annual (4-day average), zonal mean overcast sky CFC values (W m22) for the net TOA shortwave
(CFC-NSt) for the nine different cloud types (see section 2 for definition of acronyms), along with averages for three
cloud-top height (high, middle, and low clouds) and optical thickness categories (optically thin, moderate, and thick
clouds), and average for all the nine cloud types. (b) Same as (a), but for the net TOA longwave CFC (CFC-NLt).
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FIG. 4. (a) Same as Fig. 3a, but for the net surface shortwave CFC (CFC-NSs). (b) Same as Fig. 3a, but for the net
surface longwave CFC (CFC-NLs).
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TABLE 1. Global annual (4-day averaged) mean overcast sky cloud-induced radiative flux changes in W m22 at the surface, at TOA, and
in-atmosphere. SW—shortwave, LW—longwave, and TL—total.

Cloud type

Surface

SW LW TL

TOA

SW LW TL

Atmosphere

SW LW TL

Cirrus
Cirrostratus
Deep convective

222.2
279.5

2118.6

8.0
20.0
16.3

214.2
259.5

2102.3

225.3
287.4

2126.2

30.7
59.7
60.7

5.4
227.7
265.5

23.1
27.9
27.6

22.7
39.7
44.4

19.6
31.8
36.8

Altocumulus
Altostratus
Nimbostratus

228.7
279.6
298.2

20.3
35.4
32.4

28.4
244.2
265.8

229.3
280.9
298.8

13.0
22.1
20.6

216.3
258.8
278.2

20.6
21.3
20.6

27.3
213.3
211.8

27.9
214.6
212.4

Cumulus
Stratocumulus
Stratus

235.4
277.7
288.1

33.4
46.8
39.2

22.0
230.9
248.9

233.8
274.7
284.6

4.0
7.7
7.8

229.8
267.0
276.8

1.6
3.0
3.5

229.4
239.1
231.4

227.8
236.1
227.9

FIG. 5. Annual, zonal mean overcast sky CFC values (W m22) for the total (shortwave plus longwave) net TOA (CFC-Nt) and total
(shortwave plus longwave) net surface (CFC-Ns) for high, middle, low, and all clouds.

ics). Although the magnitude of the effect of the very
thin cirrus missed by the ISCCP analysis is very small,
the experiment of adding the missing cirrus as described
in section 3 shows that it would slightly decrease the
overcast cirrus total net CFC. The overcast CFC-Nt for
deep convective clouds (not shown) is actually slightly
larger (265 W m22) than for mid- and low-level clouds,
because of a much larger mean optical thickness and
despite their large values of CFC-NLt, consistent with
Hartmann et al. (1992).

At the surface, the total net CFC is generally larger
(less negative) than at TOA (Fig. 5). The net cirrus CFC
(not shown) is still negative at low latitudes because
their longwave effect on the surface is blocked by high
water vapor opacity. The net CFC for deep convective
clouds (not shown) is larger in magnitude at the surface
than at the TOA because its longwave effect is much
smaller at the surface than at the TOA (but note that in
these calculations, the cloud base assumed for the deep
convective cloud type using the general climatology of
cloud layer thicknesses is probably much too high; cor-
recting this error would reduce the magnitude of its total
net CFC but will not change the sign of it). Overall, the
net negative effect of clouds on the net surface radiation
decreases poleward (Fig. 5); in fact, the total net CFC
for low-level clouds becomes positive at higher lati-

tudes, especially for cumulus (optically thin) (not
shown), because low annual mean solar insolation re-
duces their shortwave CFC and low water vapor opacity
increases their longwave CFC relative to low-latitude
clouds. On average, the dominant contributions to the
negative total net CFC come from the nimbostratus and
deep convective clouds (not shown).

2) IN-ATMOSPHERE

A unique aspect of our analysis approach is that it
allows for an estimate of the cloud effects on the net
radiation absorbed by the atmosphere in a physically
consistent manner (Zhang et al. 1995). Figure 6 shows
annual, zonal mean, in-atmosphere net shortwave (CFC-
NSa), and net longwave (CFC-NLa) overcast CFC for
the nine cloud types, along with averages for three
cloud-top height and optical thickness categories.

Averaged over all the cloud types, the shortwave CFC
is about 21 W m22; however, this result arises from the
mixture of low-level clouds with positive CFC values
and high-level clouds with negative CFC values with
midlevel clouds having CFC values near zero (Fig. 6a).
The magnitude of the CFC increases with optical thick-
ness at both levels. The change in sign of the net short-
wave CFC with cloud-top height is produced by the
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FIG. 6. (a) Same as Fig. 3a, but for the net in-atmosphere shortwave CFC (CFC-NSa). (b) Same as Fig. 3a, but for
the net in-atmosphere longwave CFC (CFC-NLa).
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changing balance among three offsetting contributions
to total shortwave absorption by the atmospheric col-
umn. 1) Adding clouds to the column increases the up-
ward shortwave flux because of their higher albedo than
the surface, consequently increasing the shortwave ab-
sorbed by water vapor and ozone above the clouds; 2)
adding clouds to a layer increases the shortwave ab-
sorbed there because clouds absorbs more near-IR ra-
diation than water vapor and because clouds increase
the average photon path length by scattering; and 3)
adding clouds shields the water vapor below thereby
decreasing the shortwave absorbed below the cloud
(Rossow and Zhang 1995). For low-level clouds, the
first two effects surpass the third one, causing increased
atmospheric shortwave absorption; for high-level
clouds, the third effect surpasses the first two, causing
decreased atmospheric shortwave absorption (the three
effects nearly cancel for midlevel clouds). With an im-
proved treatment of ice clouds, the magnitude of the
high-level cloud CFC will increase slightly. Although
the net shortwave CFC values are small for the whole
atmospheric column, all of the clouds, including mid-
level ones, significantly change the vertical distribution
of total absorbed shortwave in the atmosphere that can
affect the atmospheric circulation (cf. Webster and Ste-
phens 1984; Chen et al. 1999, manuscript submitted to
J. Climate). Overall, the largest-magnitude shortwave
CFC in the atmosphere, which is a cooling effect, is
produced by cirrostratus and deep convective clouds; of
the clouds that produce a heating effect, the largest one
is produced by stratocumulus and stratus.

The in-atmosphere longwave CFC values (Table 1;
Fig. 6b) are generally much larger in magnitude than
the shortwave CFC values; but, in contrast to the short-
wave, low-level clouds (and midlevel clouds at higher
latitudes) cause increased longwave cooling of the at-
mosphere, while high-level clouds cause decreased
longwave cooling (a heating effect). The reason for this
arises from a changing balance of two offsetting effects.
1) Adding clouds decreases the atmospheric longwave
cooling by decreasing its effective emission tempera-
ture, and 2) adding clouds increases the atmospheric
longwave cooling by increasing the effective emissivity
of the atmosphere in the water vapor window (8–14-
mm wavelength). The latter effect becomes more im-
portant at higher latitudes where there is less water vapor
opacity than in the Tropics (Rossow and Zhang 1995).
For high-level clouds, the first effect exceeds the second
one, especially in the Tropics where the second effect
is rather small; for low-level clouds, the second effect
exceeds the first one since low-level clouds are relatively
inefficient in decreasing the effective emission temper-
ature. For midlevel clouds, the two opposing effects
almost completely cancel in the Tropics. As with the
shortwave, the changes even for midlevel clouds are
important because they still cause a vertical redistri-
bution of the atmospheric cooling, even if their net effect
on the total atmospheric column is small (Chen et al.

1999, manuscript submitted to J. Climate). The latitu-
dinal variations of overcast CFC-NLa, which are larger
than for the shortwave, are caused mostly by varying
water vapor opacity. Overall, the largest-magnitude
longwave CFC in the atmosphere is produced by cir-
rostratus and deep convection, a heating effect that
peaks near the equator, and by stratocumulus, a cooling
effect that peaks at the Poles.

The behavior of the cloud effect on the total net at-
mospheric flux (CFC-Na; not shown) follows that of the
much larger longwave component. The total average
overcast effect of clouds on the earth’s radiation budget
(Fig. 5), which is an overall latitude-independent cool-
ing compared with a clear atmosphere with the same
properties, is divided into a strong net cooling of the
low-latitude surface, a heating of the tropical atmo-
sphere, and a cooling of the high-latitude atmosphere.
If all of the clouds had the properties of cirrus clouds,
they would cause a slight overall heating, a significant
atmospheric heating offset by surface cooling at lower
latitudes. If all of the clouds had the properties of deep
convective clouds, the overall effect would be a strong
cooling, appearing mostly at the surface and offset by
some atmospheric heating. If all clouds were cumulus,
a weak surface cooling at lower latitudes is reinforced
by weak atmospheric cooling, whereas weak surface
heating at higher latitudes is offset by stronger atmo-
spheric cooling, to produce a weak net cooling of the
earth at all latitudes. Finally, if all clouds were stratus,
strong surface cooling is reinforced by atmospheric
cooling, which is weaker near the equator than at the
Poles, to produce strong cooling of the earth.

b. Annual mean full sky CFCs

In the previous section we have shown how the var-
iation of the radiative effects of clouds depends on their
top height and optical thickness, which are used to de-
fine the cloud types. As expected, the largest effects on
shortwave fluxes are produced by adding clouds with
the largest optical thicknesses and the largest effects on
the longwave fluxes at TOA (or surface) are produced
by adding clouds with the highest (or lowest) cloud-top
heights. However, the actual relative importance of each
of these cloud types in the current climate’s radiation
budget also depends on their abundance. Figure 1 shows
the annual, global mean amounts and Fig. 2 shows the
annual, zonal cloud-type amounts. The latitude varia-
tions of monthly mean high-level cloud amounts from
ISCCP agree to within 0.05 rms with the climatology
based on surface observations (Warren et al. 1986, 1988)
and, although the ISCCP mid- and low-level clouds are
lower by 0.15–0.20 than the surface climatology values
as expected from the top-down satellite viewpoint, the
net effect on surface radiative fluxes is small (Zhang et
al. 1995). When discussing the relative contributions of
different cloud types, the relative importance of low-
level clouds is underestimated somewhat. Several fea-
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tures are apparent in Fig. 1. 1) The three most abundant
cloud types are cumulus, cirrus, and stratocumulus,
which account for 58% of the total cloudiness (0.37 out
of a total cloud fraction of 0.63). (Note that the cloud
fraction numbers quoted in the text are the 4-day av-
eraged values, but the numbers in Fig. 1 are from the
5-yr climatology.) 2) Most clouds have t # 23; less
than 10% of all clouds have t .23. 3) Low-level clouds
occur most of the time (41%, despite the satellite un-
derestimate); midlevel clouds occur the least (25%), and
high-level clouds occur 34% of the time. 4) The lati-
tudinal pattern of total high-level cloud fraction shows
the major storm zones more clearly than any other
cloud-type group. 5) The fraction of midlevel and low-
level clouds is smaller in the Tropics, where high-level
clouds are abundant, so that this result might be influ-
enced by the top-down satellite viewpoint.

1) AT TOA AND AT THE SURFACE

Figures 7 and 8 show the annual, zonal mean full sky
CFC values (CFC-NSt, CFC-NLt, CFC-NSs, and CFC-
NLs) at TOA and at the surface for the nine cloud types,
where each value is now weighted by its actual cloud
amount as a function of latitude (cf. Fig. 2). Table 2
gives the corresponding global mean values. Since the
cloud amounts are all less than unity, all of the CFC
values in W m22 are much smaller than shown in Figs.
3 and 4 (cf. values in Tables 1 and 2). The results for
each of three optical thickness and three cloud-top
height categories are sums of the corresponding cloud-
type CFC values. Comparing with the overcast sky re-
sults (Figs. 3 and 4), the latitude variations of all the
CFC values for high-level clouds, except for CFC-NLs,
are larger because this type of cloud exhibits the most
latitudinal variation of cloud amount. However, the full
sky CFC-NSt and CFC-NSs values for low-level clouds
also vary more than for the overcast values. Overall,
the most important cloud types for the shortwave CFC
are those with moderate optical thicknesses—namely
stratocumulus, altostratus, and cirrostratus—rather than
the types with the largest optical thicknesses. In other
words, the differences in cloud amount more than offset
the differences in optical thickness. These three cloud
types account for 38% of the total cloudiness but pro-
duce 54% of the full sky CFC-NSt (229 W m22 out of
a total of 254 W m22) and 55% of the full sky CFC-
NSs (229 W m22 out of the total 253 W m22). The
fractional contributions to the shortwave CFC values
are roughly the same for high-, mid-, and low-level
cloud.

For the full sky CFC-NLt, the three most important
cloud types are still the high-level clouds—namely, cir-
rus, cirrostratus, and deep convective cloud—but the
contribution of cirrus is now larger than that of deep
convection and similar to that of cirrostratus. High-level
clouds account for 33% of the total cloudiness but pro-
duce 69% of the full sky CFC-NLt (14 out of a total of

20 W m22). For the full sky CFC-NLs, the three most
important cloud types are cumulus, stratocumulus, and
altostratus. Because of the different cloud amounts, a
midlevel cloud type now contributes more to the surface
longwave CFC than the stratus clouds, especially at
higher latitudes. The cumulus, stratocumulus, and al-
tostratus account for 35% of the total cloudiness but
produce 66% of the full sky CFC-NLs (16 W m22 out
of the total 24 W m22).

Figure 9 shows the total net (shortwave plus long-
wave) CFC values at TOA and at the surface. The global
mean total net CFC is 233 W m22 at TOA and 228
W m22 at the surface, indicating the dominance of the
shortwave CFC (these values are within 1–2 W m22 of
those given by Rossow and Zhang 1995). At the TOA,
the cloud effect is larger at higher latitudes than near
the equator. Low-level clouds contribute about half of
the total cloud effect, whereas high clouds contribute
less than a quarter of it; moderate optical thickness cloud
types contribute about 60% of the global total, and thin
clouds contribute less than 20% (not shown). Overall,
the three most important cloud types at TOA are stra-
tocumulus, altostratus, and cumulus. At the surface (Fig.
9), the cloud effect peaks in the Tropics, where half of
it is contributed by high-level clouds. Overall, the three
most important types at the surface are stratocumulus,
cirrostratus, and deep convective clouds (given that we
probably place the base of deep convective clouds at
too high altitude, altostratus may actually be slightly
more important to the total net CFC at the surface).
Cirrus is notable because it has net CFC value at TOA
that is opposite in sign to the generally negative values
of the other cloud types (not shown): cirrus causes a
small net heating at TOA (but since cirrus cause a small
net cooling at the surface, this heating appears in the
atmosphere as we discuss next).

2) IN-ATMOSPHERE

Figure 10 shows the annual, zonal mean net CFC for
full sky (CFC-NSa and CFC-NLa). Overall, clouds re-
duce the atmospheric shortwave heating and increase
the longwave cooling slightly, resulting in 5 W m22

more cooling (compared with the clear sky value) in the
global mean (Table 2). However, there is strong lati-
tudinal dependence of the longwave net CFC (dominant
component): adding clouds heats the tropical atmo-
sphere and cools the high-latitude atmosphere (Fig. 10b;
cf. Rossow and Zhang 1995). Examining Fig. 10 more
closely shows that these small global mean effects are
comprised of important redistributions of the atmo-
spheric heating/cooling. If all the clouds were low level,
there would be a net shortwave heating effect on the
atmosphere; the larger shortwave cooling effect of high-
level clouds offsets the low-level cloud effect and in-
dicates that the total shortwave heating in the atmo-
sphere has been shifted to higher levels by the clouds.
The reverse situation occurs in the longwave radiation:
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FIG. 7. (a) Annual, zonal mean full sky CFC values (W m22) for the net TOA shortwave (CFC-NSt) for the nine
different cloud types (see section 2 for definitions); also shown are the overall CFC values for high, middle, and low
clouds and for optically thin, moderate, and thick clouds, as well as the overall CFC values for all clouds. (b) Same
as (a), but for the net TOA longwave CFC (CFC-NLt).
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FIG. 8. (a) Same as Fig. 7a, but for the net surface shortwave CFC (CFC-NSs). (b) Same as Fig. 7a, but for the net
surface longwave CFC (CFC-NLs).
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TABLE 2. Global annual mean full sky cloud-induced radiative flux changes in W m22 at the surface, at TOA, and in-atmosphere. The
names of three most abundant cloud types are shown in bold.

Cloud type

Surface

SW LW TL

TOA

SW LW TL

Atmosphere

SW LW TL

Cirrus
Cirrostratus
Deep convective

23.6
27.2
25.8

1.1
1.7
0.7

22.5
25.5
25.1

24.2
27.9
26.2

5.5
5.5
2.9

1.3
22.4
23.3

20.6
20.7
20.4

4.4
3.8
2.2

3.8
3.1
1.8

Altocumulus
Altostratus
Nimbostratus

23.1
28.2
23.4

2.2
3.6
1.3

20.9
24.6
22.1

23.2
28.3
23.4

1.5
2.0
0.7

21.7
26.3
22.7

20.1
20.1

0.0

20.7
21.6
20.6

20.8
21.7
20.6

Cumulus
Stratocumulus
Stratus

25.5
213.2
22.6

5.3
7.3
1.2

20.2
25.9
21.4

25.2
212.7
22.4

0.6
1.2
0.2

24.6
211.5
22.2

0.3
0.5
0.2

24.7
26.1
21.0

24.4
25.6
20.8

Sum (true) 252.6 24.4 228.2 253.5 20.1 233.4 20.9 24.3 25.2

FIG. 9. Same as Fig. 5, but for full sky CFC values (W m22).

low-level clouds alone would cool the atmosphere by
inhibiting radiative exchanges with the surface, and
high-level clouds alone would heat the atmosphere by
inhibiting radiative exchanges with space. The latter ef-
fect prevails in the Tropics, caused mostly by cirrus and
cirrostratus clouds, whereas the former effect prevails
at higher latitudes, caused mostly by stratocumulus
clouds and enhanced by the increased effective emis-
sivity under drier conditions.

c. Seasonal variations of full sky CFC

At both TOA and the surface, the total CFC for the
optically thicker cloud types reaches a minimum (most
negative value) near 608 latitude in the summer hemi-
sphere because of the predominance of the shortwave
CFC and the seasonal redistribution of solar illumina-
tion. Since there is no sunlight at the winter pole, the
total net CFC is just the longwave CFC, which is pos-
itive (Rossow and Zhang 1995), so the total net CFC
attains its maximum at the winter pole. In the equinoctial
months, the total net CFC attains its minimum near the
equator with maxima at both poles. The latitudinal con-
trast of the total net CFC tends to be larger at the surface
than at TOA because varying water vapor opacity with

latitude enhances the latitudinal changes of the long-
wave CFC. The optically thinnest cloud types exhibit a
more nearly constant total net CFC with latitude because
their shortwave CFC values are much smaller. Note that
the shortwave CFC of cirrus is large enough at higher
latitudes in the summer hemisphere to make the total
net CFC negative at TOA even for this cloud type; the
cirrus net CFC is negative at the surface near the equator
in all seasons.

The seasonal variations occur mostly because of the
seasonal variations in the shortwave CFC values, largely
as a result of changing solar zenith angle and daylight
duration (Harrison et al. 1990; Rossow and Zhang
1995). The magnitude of the shortwave CFC values is
maximum in the summer hemisphere and minimum in
winter hemisphere. However, the longwave CFC values
are larger in the winter hemisphere than in the summer
hemisphere, especially at the surface, suggesting that
changes in water vapor opacity are important in deter-
mining the magnitude of the cloud effects. The seasonal
variations of the longwave CFC reinforce those of the
shortwave CFC. As a consequence, cloud systems act
against seasonal warming (cf. Harrison et al. 1990). Be-
cause the surface albedo is lower in the Southern Hemi-
sphere, the seasonal amplitude of the shortwave CFC
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FIG. 10. (a) Same as Fig. 7a, but for the net in-atmosphere shortwave CFC (CFC-NSa). (b) Same as Fig. 7a, but for
the net in-atmosphere longwave CFC (CFC-NLa).
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values is larger there; likewise, because the seasonal
variations of the temperature and humidity are larger in
the Northern Hemisphere, the seasonal amplitude of the
longwave CFC value is larger there. Because of their
large shortwave effect, the thickest cloud types have the
largest seasonal CFC variations. The seasonal changes
of the in-atmosphere CFCs mostly result from the rel-
ative changes of cloud height with the atmospheric long-
wave effective emission level due to the seasonal var-
iations of humidity.

5. Discussion and conclusions

The simplest result we have illustrated by comparing
the overcast sky calculations with the full sky calcu-
lations is that variations of cloud-top height and optical
thickness, expressed in terms of changing cloud type,
are just as important as total cloud cover variations in
determining the radiation budget. The second result is
that different cloud types are most effective in altering
the fluxes depending on whether we consider shortwave
or longwave fluxes and whether we consider TOA, sur-
face, or in-atmosphere fluxes. These two points together
also mean that the importance of treating the radiative
effects of a particular cloud type accurately changes
depending on the problem. For example, the contribu-
tion of deep convective clouds to the total radiation
budget is small due to their relatively small abundance.
However, when deep convective clouds occur, their ra-
diative effect is large and might be important for the
evolution of convective cloud systems (Machado and
Rossow 1993). With the cloud properties fixed for each
type in the overcast sky calculations, their latitudinal,
hemispheric, and seasonal variations also illustrate the
delicate interplay among cloud, surface, and atmospher-
ic properties; that is, the same cloud does not produce
the same flux changes when the circumstances are dif-
ferent (Rossow and Zhang 1995). All of these results
mean that preaveraging the cloud properties before de-
termining their radiative effects can bias the results (see
appendix).

With a uniform mix of cloud types, the three cloud
types that produce most of the total cloud effect on the
TOA shortwave fluxes are (in descending order; see
Table 1) deep convective, nimbostratus, and cirrostratus;
and for the surface shortwave effect, the three most
important cloud types are the three thickest cloud
types—namely, deep convective, nimbostratus, and stra-
tus. With a realistic mix of cloud types (Table 2), the
cloud types that produce most of the total cloud effect
on the shortwave fluxes (both TOA and surface) are (in
descending order) the three cloud types with moderate
optical thicknesses: stratocumulus, altostratus, and cir-
rostratus.

With a uniform mix of cloud types (Table 1), the three
cloud types that produce most of the total cloud effect
on the TOA longwave fluxes are the three high-level
cloud types (in descending order), deep convective, cir-

rostratus, and cirrus; and for the surface longwave ef-
fect, the three most important cloud types are strato-
cumulus, stratus, and altostratus. With a realistic mix of
cloud types (Table 2), the three cloud types that produce
most of the total cloud effect on the TOA longwave
fluxes are still the three high-level cloud types, but in
a different order, cirrus, cirrostratus, and deep convec-
tive; but for the surface longwave effect, the three most
important cloud types are stratocumulus, cumulus, and
altostratus.

With a uniform mix of cloud types (Table 1), the three
cloud types that produce most of the total cloud effect
on the in-atmosphere shortwave fluxes are (in descend-
ing order) cirrostratus, deep convective, and stratus,
with the former two cloud types decreasing the short-
wave heating and the last one increasing the shortwave
heating. With a realistic mix of cloud types (Table 2),
the cloud types that produce most of the total cloud
effect on the in-atmosphere shortwave fluxes are cir-
rostratus, cirrus, and stratocumulus, with the former two
cloud types decreasing the shortwave heating and the
last one increasing the shortwave heating.

With a uniform mix of cloud types (Table 1), the three
cloud types that produce most of the total cloud effect
on the in-atmosphere longwave fluxes are (in descend-
ing order) deep convective, cirrostratus, and stratocu-
mulus, with the former two cloud types decreasing the
longwave cooling and the last one increasing the long-
wave cooling. With a realistic mix of cloud types (Table
2), the cloud types that produce most of the total cloud
effect on the in-atmosphere longwave fluxes are stra-
tocumulus, cumulus, and cirrus, with the former two
cloud types increasing the longwave cooling and the
last one decreasing the longwave cooling.

The overcast calculations highlight the effects of the
changing relationship between clouds and water vapor
when cloud height and optical thickness change. Chang-
ing cloud height and optical thickness changes the frac-
tion of the sunlight that passes twice through the water
vapor (and ozone) above the cloud, that is absorbed in
the cloud layer, and that is absorbed by water vapor
below the cloud. Since we did not consider a true ice
phase model, treating all clouds as liquid, we have not
shown the complete range of such changes with cloud
type. Changing cloud height and optical thickness also
changes the fraction of longwave radiation that is emit-
ted from the water vapor (and CO2) above the cloud,
that is emitted by the cloud, and that is transmitted from
the surface and water vapor below the cloud. Here, our
treatment is most uncertain concerning the location of
cloud base and its effect on the surface longwave fluxes.
The climatology of cloud layer thicknesses used here
(Zhang et al. 1995) exhibits a systematic increase of
cloud layer thickness with increasing cloud-top heights
that implies that cloud base heights do not increase as
rapidly as cloud-top heights; however, since we have
ignored the possibility of multiple cloud layers (see
Chen et al. 1999, manuscript submitted to J. Climate),
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we have probably still overestimated the cloud base
height increases. Nevertheless, the fact that the short-
wave and longwave, TOA and surface fluxes; and the
cloud flux changes are not the same when the cloud
properties are averaged spatially or both spatially and
temporally before the calculation, even when the av-
eraging procedure is linear in the radiative fluxes (see
appendix), demonstrates that the correlations of cloud
property variations with variations in water vapor and
the surface alter the results. Although the global mean
magnitude of the errors in the TOA and surface fluxes
produced by such preaveraging is smaller on average
than other sources of error (Zhang et al. 1995), so that
it can be argued that such methods are justified, in fact
these errors produce systematic shifts in the seasonal,
latitudinal, and land–ocean contrasts in the radiation
budget that are important for driving the atmospheric
and oceanic circulations.

The magnitude of the flux errors produced by preav-
eraging the cloud properties is certainly significant when
compared with the radiation budget changes that appear
interannually or that are being considered in relation to
possible climate changes induced by changes in atmo-
spheric composition (increasing abundances of green-
house gases and aerosols). This means that when con-
sidering possible cloud feedbacks on climate change,
accurately capturing the changes in fluxes that might
arise from changes in either the mean cloud properties
or shifts in the relative abundance of different cloud
types requires a separate treatment of their effects on
the radiative fluxes as done here to capture the proper
space–time correlations. Although we found, as did
Hartmann and colleagues, that the cloud–radiative ef-
fects are dominated by a few cloud types, which cloud
type is most important changes when considering dif-
ferent parts of the radiation budget. Thus, the complex-
ity of the calculation cannot be reduced to fewer cloud
types without reducing the accuracy of representing the
correlations of the clouds and other atmospheric and
surface properties in this climate problem. Moreover,
such reduction cannot capture the full (nonlinear) effects
of cloud property variations, including the varying re-
lation between the shortwave and longwave effects (see
Stubenrauch et al. 1999b). For example, even if the total
cloud cover and average cloud properties remain fixed,
a shift in the distribution of cloud types can change the
radiation budget. This conclusion is strengthened by the
fact that the cloud properties are strongly related to me-
teorological conditions (cf. Machado and Rossow 1993;
Lau and Crane 1995); hence, the average radiative fluxes
cannot be obtained without accounting for the varying
correlations of clouds and atmospheric conditions with
time and location (see also the appendix). Moreover,
different cloud types may be associated with system-
atically different vertical structures (including layer
structure, phase, and particle size changes, all unac-
counted for in these calculations). Although less inten-
sive calculations may be sufficiently accurate at the pres-

ent time in representing the mean radiative fluxes, es-
pecially at TOA and at the surface, a much more detailed
treatment is needed to capture the small but systematic
effects of the correlations with meteorology, latitude,
land–ocean conditions, and season that determine subtle
radiative feedbacks that can be caused by changing
cloud types.

Further work is required to include three effects not
treated here. First, although there is uncertainty in lo-
cating cloud bases (Zhang et al. 1995), the most im-
portant deficiency is that we have not considered mul-
tiple cloud layers. Relative to our single-layered treat-
ment, including multiple cloud layers would lower cloud
bases on average, enhancing the effects of clouds on
the surface longwave fluxes. This effect would be most
important for any cloud type that has systematically
larger layer thicknesses than assumed here, such as the
deep convective clouds, or for any cloud type that fre-
quently occurs with another lower-level cloud (cf. War-
ren et al. 1985), another form of correlation that must
be accounted for. Second, in our treatment the cloud
microphysical properties are fixed. The most notable
systematic change that occurs is the change from liquid
to ice going from warmer to colder temperatures, which
would introduce both latitudinal and vertical variations
in the cloud-radiative effects. However, there are also
meteorological, seasonal, and regional variations in the
clouds particle sizes (Han et al. 1994, 1998) that will
also alter the cloud-radiative effects. Finally, to calculate
nighttime radiative fluxes, we have had to interpolate
the daytime results from ISCCP because the more ac-
curate two-wavelength retrieval is only available then
(see Stubenrauch et al. 1999a,b). Without better infor-
mation about diurnal variations of cloud properties, the
diagnosis of cloud-radiative effects is missing what
could be another important correlation (e.g., see dis-
cussion in Machado and Rossow 1993).
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APPENDIX

Accuracy of Radiative Fluxes Determined from
Average Cloud Properties

This appendix compares the aggregate radiative flux-
es obtained from all the cloud types with those calcu-
lated using radiatively weighted averages of the cloud
properties as done by Zhang et al. (1995) and others,
and it also tests the accuracy of calculating the time-
averaged cloud-induced radiative flux changes from
preaveraged cloud, atmospheric, and surface properties
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FIG. A1. Frequency histogram of the CFC differences average 2 true (solid line), monthly average 2 monthly true (dashed line); W
m22).
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TABLE A1. Global mean full sky cloud-induced radiative flux changes in W m22 at the surface, at TOA, and in-atmosphere from average,
monthly average, and monthly true methods, together with the mean and the standard deviations (in parentheses) of the differences average
2 true and monthly average 2 monthly true.

CFC

Surface

SW LW TL

TOA

SW LW TL

Atmosphere

SW LW TL

Average
Average 2 True
(Std)

252.3
0.3

(1.0)

25.5
1.1

(1.9)

226.8
1.4

(2.0)

253.5
0.0

(1.0)

20.9
0.8

(2.6)

232.6
0.8

(2.5)

21.2
20.3

(0.7)

24.6
20.3

(3.2)

25.8
20.6

(3.0)
Monthly average
Monthly true
Monthly average 2 Monthly true
(Std dev)

241.7
245.0

3.3
(3.1)

25.3
24.0

1.3
(2.0)

216.4
221.0

4.6
(3.4)

243.0
246.5

3.5
(3.3)

18.7
21.8

23.1
(3.2)

224.3
224.7

0.4
(3.7)

21.3
21.5

0.2
(0.8)

26.6
22.2
24.4

(3.7)

27.9
23.7
24.2

(3.2)

FIG. A2. Zonal mean distribution of the differences between the average and true CFC values (W m22) over land (solid line) and over
ocean (dashed line).

over time as done by Schweiger and Key (1994) for
example.

In all of the calculations presented in the main text,
the TOA and surface fluxes are calculated for clear sky
and separately for each cloud type (overcast) at each

place and time and then added in proportion to the
amount of each cloud type and the amount of clear sky
to obtain the full sky fluxes at each place and time. The
corresponding daily mean fluxes and CFC values (called
true) are computationally expensive (relatively) to ob-
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FIG. A3. Zonal mean distribution of the differences between the monthly average and monthly true CFC values (W m22) over land (solid
line) and over ocean (dashed line).

tain. Rossow and Lacis (1990) and Zhang et al. (1995)
saved computer time by first averaging the cloud prop-
erties within each map grid box at each time and then
calculating the fluxes only for clear sky and for one
(average) cloud; the full sky fluxes and CFC values are
then determined by adding together these two results in
proportion to the total cloud amount (called average) at
each place and time. Schweiger and Key (1994), for
example, save even more computer time by further av-
eraging the cloud properties over time (e.g., a month)
before calculating the fluxes (called monthly average;
note that the cloud properties are radiatively averaged
in this calculation) instead of averaging the calculated
fluxes over time (called monthly true). We compare re-
sults from these different ways of performing the cal-
culations to evaluate the importance of the interactions
of the cloud-type properties with the spatial and tem-
poral variations of the surface and atmosphere.

Table A1 gives the ‘‘annual,’’ global mean values of

the shortwave, longwave, and total CFC values at the
surface, at TOA, and in-atmosphere for average clouds
(compare to true values in Table 2), together with the
differences average 2 true. The solid lines in Fig. A1
shows the histogram of the regional differences of av-
erage 2 true. The global mean difference between av-
erage and true CFC values range from 0 to 0.3 W m22

(standard deviation # 1.0 W m22) for the TOA and
surface shortwave CFC and from 0.8 to 1.1 W m22

(standard deviation # 2.6 W m22) for the TOA and
surface longwave CFC. The in-atmosphere CFC differ-
ences have similar magnitudes. On average the fast two
calculation methods agree well in estimating the TOA
and surface CFC, but not the in-atmosphere CFC, since
the magnitude of the in-atmosphere CFC differences is
comparable with the in-atmosphere CFC values them-
selves. Regional TOA and surface CFC difference mag-
nitudes can be as large as 5–10 W m22 (Fig. A1) and
are positive slightly more often than they are negative.
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Note that since the shortwave CFC values are generally
negative, a positive difference between average and true
means that the average calculation method underesti-
mates the magnitude of the shortwave CFC; on the other
hand, since the longwave CFC values are generally pos-
itive, a positive difference means that the average meth-
od overestimates the magnitude of the longwave CFC.

Table A1 also shows the global mean values of the
various CFC components for the monthly average and
monthly true methods using data from April 1991, to-
gether with the differences monthly average 2 monthly
true. The dashed lines in Fig. A1 shows the histogram
of the regional differences of monthly average 2 month-
ly true. The global mean difference between monthly
average and monthly true CFC values range from 3.3
to 3.5 W m22 (standard deviation #3.3 W m22) for the
surface and TOA shortwave CFC and from 23.1 to 1.3
W m22 (standard deviation #3.2 W m22) for the TOA
and surface longwave CFC. The in-atmosphere CFC
differences have similar magnitudes. Again these two
calculation methods agree relatively well in estimating
the TOA and surface CFC (but not the in-atmosphere
CFC), although the differences between monthly av-
erage and monthly true CFC values are larger than the
differences between average and true CFC values. Re-
gional TOA and surface CFC difference magnitudes can
be as large as 10–20 W m22 (Fig. A1) indicating the
monthly average method does not capture the correla-
tions of cloud property variations with variations in at-
mospheric and surface conditions as well.

Figures A2 and A3 illustrate the zonal mean distri-
bution of the differences between the average and true
(solid line) and the monthly average and monthly true
CFC values (dashed line), showing that, though small
in magnitude, the differences exhibit systematic pat-
terns, including considerable differences over land rel-
ative to ocean. Such systematic differences would be
important for determining the forcing of the atmospheric
and oceanic circulations, and are likely to be significant
compared with interannual anomalies.
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